IgA nephropathy (IgAN), characterized by mesangial IgA1 deposits, is a leading cause of renal failure worldwide. IgAN pathogenesis involves circulating hypogalactosylated IgA1 complexed with soluble IgA Fc receptor I (sCD89) and/or anti-hypogalactosylated-IgA1 autoantibodies, but no specific treatment is available for IgAN. The absence of IgA1 and CD89 homologs in the mouse has precluded in vivo proof-of-concept studies of specific therapies targeting IgA1. However, the a1KI-CD89Tg mouse model of IgAN, which expresses human IgA1 and human CD89, allows in vivo testing of recombinant IgA1 protease (IgA1-P), a bacterial protein that selectively cleaves human IgA1. Mice injected with IgA1-P (1-10 mg/kg) had Fc fragments of IgA1 in both serum and urine, associated with a decrease in IgA1-sCD89 complexes. Levels of mesangial IgA1 deposits and the binding partners of these deposits (sCD89, transferrin receptor, and transglutaminase 2) decreased markedly 1 week after treatment, as did the levels of C3 deposition, CD11b + infiltrating cells, and fibronectin. Antiprotease antibodies did not significantly alter IgA1-P activity. Moreover, hematuria consistently decreased after treatment. In conclusion, IgA1-P strongly diminishes human IgA1 mesangial deposits and reduces inflammation, fibrosis, and hematuria in a mouse IgAN model, and therefore may be a plausible treatment for patients with IgAN.
IgA nephropathy (IgAN) is the most common primary GN worldwide. The hallmark of the disease is the mesangial deposition of IgA1-immune complexes. 1, 2 IgAN patients exhibit circulating galactose-deficient IgA1, 3, 4 which can form complexes with its soluble receptor CD89 [5] [6] [7] and with autoantibodies that specifically recognize galactose-deficient IgA1. 8 Recently, these factors have been identified as valuable biomarkers to predict disease progression and its recurrence after transplantation. 9, 10 Human and mouse studies have revealed pathogenic mechanisms by which IgA1 complexes get trapped in the mesangium via their interaction with an alternative IgA1 receptor, the transferrin receptor (TfR). [11] [12] [13] This induces transglutaminase 2 (TG2) overexpression and activation of mesangial cells, which can be associated with the recruitment of inflammatory cells and the progressive destruction of glomerular filtration. 7, 14 There are no specific treatments for IgAN. Clinicians routinely use angiotensinconverting enzyme inhibitors 15 or angiotensin II receptor antagonists to treat patients with proteinuric or hypertensive IgAN. 16, 17 In cases of severe progressive IgAN, immunosuppressive therapies are suggested. Long-term corticosteroid treatments have been shown to be effective in patients with proteinuria and preserved renal function, but their use is still controversial. [18] [19] [20] [21] Other treatments, such as tonsillectomy, 22 fish oil, 23 or a gluten-free diet, 24, 25 focus on mucosal immunity. Some of these treatments have demonstrated their efficacy in delaying disease development, but tools to specifically counter the disease are lacking.
IgA is a primary mucosal defense, and bacteria have developed various strategies to counter the host immune system, including IgA1 proteases (IgA1-P). 26 This protein, secreted by pathogenic bacteria such as Streptococcus pneumonia, Haemophilus influenza, and Neisseria meningitides, exhibits the capacity to directly cleave the hinge region of human IgA1 (hIgA1), but not human IgA2. 27, 28 The injection of IgA1-P 1 hour after hIgA1 administration prevented the development of hIgA1 deposits in mice. 29 However, this study did not demonstrate that IgA1-P could treat IgAN because the model lacks continuous circulating hIgA1. We tested the capacity of IgA1-P to treat IgAN using a humanized mouse model of IgAN, 7 which spontaneously develops the disease after 6 weeks. We used a1KI-CD89Tg mice that express both hIgA1 30 and human CD89. 5 Recombinant IgA1-P from H. influenzae incubated with purified IgA1 from an a1KI mouse was shown to cleave IgA1 in vitro, even at low concentrations of IgA1-P (Supplemental Figure 1, A and B) . Purified serum hIgA1 was also cleaved by IgA1-P, whereas human IgG, myeloma IgA2, and mouse IgA were not (Supplemental Figure 1C ), confirming the specificity of IgA1-P. IgA1-P also cleaved IgA1 in whole healthy human serum or in a1KI-CD89Tg mouse serum in vitro as assessed by western blot analysis targeting human IgA heavy chain (Supplemental Figure 1 , D and E).
To assess the ability of IgA1-P to clear IgA1 deposits in the kidney, an intravenous (IV) injection of IgA1-P at one of three doses (1, 3, or 10 mg/kg) was administered to a1KI-CD89Tg mice. A marked decrease in IgA1 deposition was observed as early as 15 minutes post injection and persisted for 3 days ( Figure 1A) . Thus, one injection of IgA1-P resulted in cleavage of serum IgA1 in vivo for .24 hours and was sufficient to decrease IgA1 deposits in glomeruli for 3 days. Doses of 3 and 10 mg/kg were more efficient than 1 mg/kg. These results correlated with the concentration of total serum IgA1 ( Figure 1B) , which decreased soon after IgA1-P injection and returned to its initial level 72 hours later. Fragments of IgA1 were detected by western blotting ( Figure 1C ). IgA1-P was not detectable in serum beyond 24 hours after 1 or 3 mg/kg IV injection or beyond 72 hours after 10 mg/kg IV injection ( Figure 1D ). To increase the duration for which the drug was effective, mice were injected three times with IgA1-P. Subcutaneous (SC) and IV administrations were compared with determine the superior injection route. IgA1 fragments were identified in serum 3 and 24 hours after IV or SC IgA1-P injection at 10 mg/kg ( Figure  2A ), confirming the ability of IgA1-P to cleave serum IgA1 in vivo following IVor SC injections. No fragments were detected 1 week later. Moreover, IgA1 fragments were detected in urine 24 hours after IV or SC injection and 1 week after IV injection ( Figure 2B ).
To determine whether several injections of IgA1-P prolonged the effects, mice were euthanized 1 week after the last of the three injections (1.25 or 5 mg/kg). A readily detectable decrease in IgA1 and sCD89 deposits was observed in all animals and was more pronounced after IV injections than SC injections ( Figure 3 ). This treatment also induced a decrease in inflammation and cell infiltration as observed by a reduction in C3 staining and the significant decrease in the number of CD11b-positive cells in treated mice compared with PBS-injected mice ( Figure  3 ). Interestingly, TG2, which has been demonstrated to play an important role in IgAN development, 7 decreased after both IV and SC treatments at 5 mg/kg. Similarly, TfR expression by mesangial cells was significantly impaired by IV treatment at either concentration. A strong decrease in fibronectin expression in the glomeruli was also observed, indicating downregulation of the extracellular matrix expansion. Taken together, these results show that a decrease in IgA1 deposits over a longer period led to an amelioration of inflammation and reduced the expression of TG2 and TfR, two molecular partners involved in the stabilization of IgA1 deposits. These results were associated with a significant decrease in hematuria in mice IV-treated at all doses and SC-treated at 5 mg/kg ( Figure  4A ). However, proteinuria was not modified 1 week after IgA1-P treatment ( Figure 4B ).
To test whether longer treatment is effective, mice were injected once a week with IgA1-P (IV or SC) and euthanized the day after the fourth injection (3 weeks after the first one). Mesangial IgA1 deposits were nearly absent in a1KI-CD89Tg mice after this treatment and slowly reappeared 1 week later (Figure 4C) . In serum from the treated mice, a significant decrease in IgA1-sCD89 complexes was observed (IV or SC treatment) when compared with mice injected with vehicle, measured by an IgA1-sCD89 ELISA ( Figure 4D ). Moreover, CD89 expression on the surface of splenic monocytes was assessed by flow cytometry to determine the origin of the reduction in circulating sCD89. CD89 expression tended to increase after treatment, indicating a possible decrease in sCD89 shedding ( Figure  4E ). The putative upregulation of transmembrane CD89 expression could be the result of a decrease in its cleavage at lower IgA1-complex concentrations.
Because 3 weeks is sufficient to develop a strong adaptive immune response against pathogens, the production of IgG antibodies targeting IgA1-P was tested by ELISA. A specific IgG response was present in a1KI-CD89Tg mice ( Figure 4F ), although it was at lower magnitude when compared with wild-type mice. In fact, knocking in of the human Ca1 Ig gene in place of the mouse S mu region altered IgG production in these mice. 30 The capacity of IgG to inhibit IgA1-P efficacy was then tested in vitro by incubating serum from immunized wild-type mice with IgA1-P followed 2 hours later by the addition of hIgA1. Serum IgG anti-IgA1-P antibodies from immunized mice were not sufficient to fully inhibit the activity of IgA1-P ( Figure 4G ). Finally, IgA1-P treatment was well tolerated with no death, no body or organ weight loss, and no unrelated histologic changes (brain, heart, thymus, liver, spleen, and lymph nodes, data not shown).
Taken together, these results demonstrate the ability of IgA1-P to markedly reduce hIgA1 in serum and IgA1 deposits in the mesangium of a1KI-CD89Tg mice after only a single injection. The effect was observed after only 5 minutes, suggesting that the IgA1-P can cleave IgA1 deposits as soon as it reaches the mesangium. However, one injection was not sufficient to prevent the recurrence of IgA1 deposits. Three daily injections of IgA1-P at 5 mg/kg strongly reduced IgA1 deposits in the mesangium, an effect that was maintained for at least 1 week even after IgA1-P disappeared 24 hours post injection. The lack of recurrence of IgA1 deposits during serum IgA1 recovery (see Figure 1B) could be due to the secondary effect of IgA1-P on mesangial receptors and partners. Indeed, sCD89, TfR, and TG2 expression were markedly impaired after IgA1-P treatment. These proteins bind, stabilize, and amplify IgA1 deposits, 7 and reaching levels of these proteins sufficient to avoid IgA1 deposits may require a longer time. As a result, there was a strong decrease in C3 deposition and CD11b-positive cell Figure 3 . Decrease in IgA1, CD89, C3, CD11b, TG2, TfR, and fibronectin staining in mouse glomeruli after IgA1-P treatment (three injections). Immunohistochemistry of frozen kidney sections from a1KI-CD89Tg mice, after IgA1-P IV or SC injection, using antibodies against human IgA or mouse C3, CD11b, TG2, TfR, or fibronectin. Graphs show the corresponding number of CD11b-or TfR-positive cells per glomerulus counted in ten randomly chosen fields for each mouse at magnification 3200. n=5 mice per group. *P,0.05, unpaired t test; ***P,0.001 Mann-Whitney test.
infiltration, confirming that a decrease in mesangial IgA1 deposits has the capacity to decrease inflammatory responses and ameliorate symptoms in a1KI-CD89Tg mice with a decrease in hematuria. However, we did not observe changes in proteinuria, which might indicate a need for either longer IgA1-P treatment or combined complementary reparative drugs to recover normal glomerular filtration. The low level of mesangial IgA1 deposits after 3 weeks of treatment in a1KI-CD89Tg mice suggests that IgA1-P might be efficient as a long-term treatment. Moreover, this treatment significantly reduced IgA1-sCD89 complexes and tended to restore CD89 expression on the surface of splenic macrophages.
This therapeutic test suggests that the decrease in IgA1 deposits in the a1KI-CD89Tg mouse model was sufficient to block IgA1 deposition, fibrosis, and hematuria. Our study confirms that IgA1-P may be a potential treatment for IgAN patients. The immunogenicity against IgA1-P is high, as shown previously in humans, 31 where, in contrast to the mouse model, it diminishes its action in vitro. One could propose that a combined immunosuppressive therapy will avoid immune responses against IgA1-P, but toxicities of immunosuppressive therapy should be also considered. Compared with the other currently used treatments, IgA1-P has the specificity to target the main protein responsible for the disease and take Figure 4 . Decrease of hematuria and IgA1 deposits after a longer treatment with IgA1-P despite the production of antibodies recognizing IgA1-P. (A) Hematuria counts in a1KI-CD89Tg mice before and 1 week after three IgA1-P injections (red blood cells [RBC]/ml). (B) Proteinuria in a1KI-CD89Tg mice before and 1 week after three IgA1-P injections. (C) Immunohistochemistry of frozen kidney sections from four treated a1KI-CD89Tg mice using antibodies against human IgA. Mice were injected four times during 3 weeks and euthanized the day after the last injection (1 day) or 1 week later (7 days). (D) Levels of IgA1-sCD89 complexes in vehicle (-) or IgA1-P (+) treated mouse serum assessed by ELISA. (E) CD89 expression on vehicle (-) or IgA1-P (+) treated mouse splenic CD11b-positive cell surface analyzed by flow cytometry. The results are displayed as the ratio of CD89 mean fluorescent intensity (MFI) to control isotype MFI. (F) Anti-IgA1-P IgG in vehicle (-) or IgA1-P (+) treated mouse serum 3 weeks after the first of four injections. (G) The capacity of IgA1-P to cleave IgA1 was tested by incubating the serum of an IgA1-P-immunized wild-type mouse with IgA1-P and then adding hIgA1. Cleavage was detected by a western blot targeting IgA. n=5 mice per group. Empty bars represent the PBS-treated animals, and filled bars show mice treated with IgA1-P. *P,0.05; **P,0.01 Wilcoxon or Mann-Whitney test.
secondary action on the receptor responsible for IgA1 deposits in the mesangium. This treatment could represent a potential option for a future specific therapy for IgAN.
CONCISE METHODS

Mouse Procedures
All strains were raised and maintained at the mouse facilities of the Center of Research on Inflammation. All experiments were performed in accordance with the national ethical guidelines and with the approval of local authorities of the Comité d'Éthique Expérimentation Animale Bichat-Debré. Twelve-week-old a1KI-CD89Tg mice 7 were injected IV or SC, one, three, or four times, with 1, 3, 5, or 10 mg/kg of IgA1-P or with the vehicle (PBS). Following urine and serum collection, mice were euthanized, and the kidney, spleen, heart, liver, thymus, brain, inguinal, and cervical lymph node were collected. Organs were conserved in either medium optimal cutting temperature (CML, Nemours, France) or formalin 10% solution (Sigma-Aldrich, St. Louis, MO).
IgA1-P
IgA1-P from H. influenzae was expressed intracellularly as inclusion bodies in Escherichia coli fed-batch fermentation. The fermentation culture was centrifuged and the recovered cells were stored frozen at -20°C. Cells were thawed and resuspended in cell suspension buffer, followed by high-pressure homogenization and clarification by centrifugation. The obtained inclusion bodies were stored frozen at -80°C. The inclusion bodies were subsequently thawed and washed three times and stored frozen at -80°C as slurry in purified water.
The washed inclusion bodies were thawed and solubilized using urea, followed by product refolding. The refolded IgA1-P was captured and purified through a series of chromatography steps, including ion-exchange and hydrophobic interaction chromatography, followed by an ultrafiltration and diafiltration step to concentrate IgA1-P to 2-3 mg/ml in PBS (pH 7.1). The final purified IgA1-P was 0.22-mm filtered and stored frozen at -80°C until use.
Histology and Immunohistochemistry
Paraffin-embedded kidney sections 4-mm thick were stained with periodic acid-Schiff or hematoxylin-eosin for morphologic analysis. For immunohistochemistry, 4-mm thick cryostate frozen kidney sections were first incubated for 1 hour with BSA (Euromedex, Souffelweyersheim, France), followed by 1 hour 30 minutes at room temperature with biotinylated mouse anti-human IgA (BD Biosciences, San Jose, CA), rat anti-mouse CD11b (BD Biosciences), goat anti-mouse fibronectin (Santa Cruz Biotechnology, Santa Cruz, CA) or rat anti-mouse TfR (BD Biosciences). For unconjugated antibodies: purified rabbit anti-mouse TG2 (Thermo Fisher Scientific, Vernon Hills, IL) or rabbit anti-mouse C3 (Abcam, Inc., Cambridge, MA), a supplementary step followed by incubation with a biotinylated goat anti-rabbit antibody (Southern Biotech, Birmingham, AL) for 30 minutes. Detection was performed with vectastain elite ABCkit (Vector Laboratories, Burlingame, CA). Slides were mounted with the Immumount (Thermo Fisher Scientific) mounting medium and read with an upright microscope, DM2000 (Leica Microsystems, Buffalo Grove, IL) at 4003 magnification using the IM50 software (Leica Microsystems).
Cleavage Experiments
Purified IgA1 (produced in the laboratory from a1KI mice), human IgG1 (purified from human sera), hIgA1 (MP Biomedicals, Illkirch, France), IgA2 (Abcam, Inc.), mouse IgA (BD Biosciences), mouse sera, or human sera were incubated for 2 hours at 37°C with or without IgA1-P. This was followed by SDS-10% PAGE analysis and Coomassie blue staining except for the sera, which were western blotted. For cleavage inhibition, immunized wild-type mouse serum was incubated for 2 hours with IgA1-P at a concentration of 1/10 or 1/50 that of IgG in mouse serum. hIgA1 (MP Biomedicals) was added for 2 hours followed by SDS-10% PAGE analysis and a western blot.
Western Blot
Serum or urine was solubilized in the SDS sample buffer under reducing or nonreducing conditions and subjected to SDS-10% PAGE. Proteins were electroblotted on nitrocellulose membranes (EMD Millipore, Billerica, MA) and subjected to western blot analysis using a biotinylated goat anti-human IgA (Southern Biotech) followed by streptavidin coupled to horseradish peroxidase (R&D Systems, Minneapolis, MN) or donkey anti-goat horseradish peroxidase. Membranes were developed by enhanced chemical luminescence treatment (GE Healthcare, Waukesha, WI).
ELISA
Plates were coated with IgA1-P (5 mg/ml) or A3 anti-CD89 mAb (10 mg/well) (produced in the laboratory). Sera were incubated in the wells in PBS, containing 0.05% Tween, 0.1% sodium azide, and 1% BSA for 2 hours. After washing, the goat anti-mouse IgG or mouse anti-human IgA coupled with the alkaline phosphatase (BD Biosciences) was added at 1:2000 dilution for 1 hour. The reaction was developed by adding the alkaline phosphatase substrate (SIGMAFAST p-nitrophenyl phosphate tablets; Sigma-Aldrich).
Cells and Flow Cytometry
Splenocytes were stained with anti-mouse CD11b-PE-Cy7 and anti-CD89-PE antibodies (BD Biosciences).
Biochemical Analyses
Measurements of protein and creatinine were performed in the urine of mice using the Olympus AU400 chemistry analyzer by Bichat biochemistry platform. For hematuria, 10 ml of fresh urine were mounted on a Malassez hemocytometer, and red cells were counted.
Statistical Analyses
All data are expressed as the mean6SEM. Data from different groups were compared using the Wilcoxon test to compare mice before and after IgA1-P treatment. The Mann-Whitney test was used for comparison between mice treated with IgA1-P and mice treated with only the vehicle. P,0.05 was considered statistically significant. 
